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Introduction
Chronic obstructive pulmonary disease (COPD) is characterized by persistent airflow limitation that is not fully reversible [1] . Inhaled bronchodilators form the mainstay of symptom management in mild and moderate COPD, and include b 2 -agonist and antimuscarinic therapies [2] . b 2 -agonists act by increasing levels of cyclic adenosine monophosphate through stimulation of b 2 -adrenergic receptors, leading to bronchodilation, while muscarinic antagonists bind to M 3 receptors and block the bronchoconstrictive response to cholinergic nervous stimulation [2, 3] .
Current COPD guidelines recommend combining bronchodilators of different pharmacological classes, as this offers improvements in efficacy while reducing the risk of side effects that may occur when increasing the dose of a single agent [2] . The different and complementary bronchodilation mechanisms of muscarinic antagonists and b 2 -agonists enable their use as dual bronchodilator combination therapy. It has been shown that combining a shortacting b 2 -agonist (SABA) with a short-acting muscarinic antagonist (SAMA) yields greater efficacy in terms of forced expiratory volume in 1 s (FEV 1 ) than the individual monotherapies [4] , and there are similar data for dual bronchodilator combinations of longacting b 2 -agonists (LABAs) and long-acting muscarinic antagonists (LAMAs) compared with monotherapies [5] . The use of dual bronchodilator combination therapy also decreases symptoms compared with monotherapies [5] .
The bronchodilator response to SABA and SAMA monotherapies varies from day-to-day within individual patients [6] and this is likely to be associated with a corresponding variability in symptoms. It is not known whether dual bronchodilator therapy decreases this daily variation in post-bronchodilator lung function; it is possible that a reduced response to one bronchodilator component on a given day could be mitigated by the addition of a bronchodilator acting by a different mechanism, providing increased day-to-day stability. This study was designed to test this hypothesis in patients with COPD.
The primary objective of this study was to compare the daily variation in bronchodilator response to the SABA albuterol and the SAMA ipratropium used as monotherapies, to that with their combined use in patients with COPD.
Materials and methods

Patients
Patients included in the study were !40 years of age, current or former smokers with a smoking history of !10 pack-years (former smokers defined as those who had stopped smoking for !6 months prior to Visit 1 [Screening]), a previous physician diagnosis of COPD [1, 2] , a post-albuterol FEV 1 /forced vital capacity (FVC) ratio <0.70 and a post-albuterol FEV 1 of !30% and 70% of predicted normal values (determined by Nutrition Health and Examination Survey III reference equations [7] ). Concomitant use of inhaled corticosteroids at a stable dose was permitted.
Exclusion criteria included: a diagnosis of asthma, known a-1 antitrypsin deficiency, active lung infections (eg, tuberculosis), lung cancer, or any other uncontrolled and clinically significant disorder; the use of long-term oxygen therapy; hospitalization for COPD or pneumonia in the 12 weeks prior to Visit 1; and allergies or hypersensitivities to any muscarinic receptor antagonist or b 2 -agonist.
Excluded medications included LAMAs, LABAs, and theophylline. Further details of inclusion/exclusion criteria and permitted/prohibited medications are provided in Supplementary Files 1, 2, and 3.
The study was conducted in accordance with the International Conference on Harmonisation of Technical Requirements for Registration of Pharmaceuticals for Human Use Good Clinical Practice guidelines, all applicable privacy requirements and the ethical principles of the Declaration of Helsinki [8, 9] . The study protocol and any amendments were reviewed and approved by a national, regional, or investigational center ethics committee or institutional review board (Manchester Evaluation Unit, Manchester, UK: D2012-2166-E02-UK; Chesapeake institutional review board, South Carolina, USA: PRO0007141). Written informed consent was obtained from each patient prior to initiation of any study procedures.
Study design
This was a 4-week, randomized, open-label, two-period crossover study performed at two study centers (one in the UK, one in the US) between July 2012 and February 2013 (GSK study number: DB2114956; ClinicalTrials.gov identifier: NCT01691482). Patients were randomized 1:1 to receive albuterol (GlaxoSmithKline) via metered dose inhaler (doses: UK ¼ 4 Â 100 mcg/puff; US ¼ 4 Â 90 mcg/puff) followed by ipratropium (4 Â 20 mcg/puff; Boehringer-Ingelheim) or vice versa during treatment Period 1. The order of treatments was then reversed during treatment Period 2 ( Fig. 1 ). Registration and randomization was carried out using an interactive telephone-based system (RAMOS), with randomization codes generated by a validated computerized system (RandAll version 2.5). Patients were required to undergo a washout period of up to 30 days for long-acting bronchodilator therapy prior to study start (dependent on the specific bronchodilator), but were permitted to continue using a stable dose of inhaled corticosteroids during the study. Each study period consisted of 10 visits over 2 weeks (MondayeFriday) with no washout stage between Periods 1 and 2.
At each visit, pre-dose spirometry was performed, followed by the administration of either albuterol or ipratropium. Spirometry was repeated after 1 h, followed by the administration of the second bronchodilator; spirometry was repeated after a further hour. During one visit in each treatment period (Visits 5 and 15), spirometry was performed without the administration of any active treatment to evaluate the daily variability over time of lung function without bronchodilator therapy. Fig. 1 . Study design (a) and example of treatment administration and spirometry timeline (ipratropium then albuterol) (b) A, albuterol; AE, adverse event; I, ipratropium; A þ I, albuterol first, followed by ipratropium; I þ A, ipratropium first, followed by albuterol.
Outcomes and assessments
Assessments performed during screening included: FEV 1 , FVC; reversibility; total lung capacity; functional residual capacity (FRC); inspiratory capacity (IC); St. George's Respiratory Questionnaire score; and COPD Assessment Test. Spirometry measurements were obtained using standardized equipment that met or exceeded the minimal performance recommendations of the American Thoracic Society [10] . At each study visit, patients were asked to refrain from smoking for 1 h prior to the first pulmonary function test and throughout the study visit, until after the last spirometry test had been performed. For FEV 1 , FVC, and IC, at least three acceptable spirometry efforts (maximum of eight) were obtained.
The pre-defined efficacy endpoints were: pre-dose and postbronchodilator FEV 1, derived FEV 1 (maximal bronchodilator response for the first/second administered agent or combination) and IC, and the daily variability of FEV 1 and IC as measured by coefficient of variation (CV). The proportion of patients who achieved improvements in FEV 1 above 0.100 L, 0.200 L, and 0.250 L thresholds was also assessed, together with the proportion of days that these thresholds were achieved. Subgroup analysis of the proportion of study days patients failed to achieve an FEV 1 improvement >0.100 L, stratified by reversibility at screening (defined as an increase in FEV 1 of !12% and 0.200 L following administration of albuterol), was also performed. Safety assessments included evaluation of adverse events (AEs) and COPD exacerbations.
Statistical analyses
No formal power calculation was performed; the sample size was based on practical considerations and the need to recruit sufficient subjects to enable an estimation of CV. FEV 1 , derived FEV 1 , and IC were analyzed using mixed models repeated measures analysis with period, treatment, day, time, smoking status, and center fitted as fixed effects and subject as a random effect. Daily variation (CV) was analyzed using mixed models. This approach to assessing daily variation is consistent with that employed in previous studies assessing day-to-day variability in the homemonitoring of patients with asthma and COPD [11] . All programming was performed using SAS Version 9 and S-Plus Version 7.
The efficacy population (used for all efficacy analyses) was defined as the population of patients who were randomized and completed pre-and post-bronchodilator assessments for at least 17 visits, with 3 consecutive missing days. Demographic characteristic comparisons and safety assessments were performed on the intent-to-treat (ITT) population, defined as all patients randomized and received at least one bronchodilator treatment.
Results
Patients
Overall, 70 patients were screened, 56 were randomized to treatment and 53 completed the study (Fig. 1) ; two patients were withdrawn due to protocol deviations (they were unable to attend for the visits on the required days) and one subject died. One patient in the ITT population (n ¼ 56) was excluded from the efficacy population due to missing study visits for more than 3 consecutive days. Patient demographics and characteristics are summarized in Table 1 .
The majority of patients were female (62%) and current smokers (66%). Forty-six percent of patients showed reversibility to albuterol (defined as an increase in FEV 1 of !12% and !0.200 L) and 59% demonstrated hyperinflation (defined as FRC !120% of predicted normal values).
Lung function endpoints
Pre-dose, post-first bronchodilator, and post-second bronchodilator lung function endpoints are summarized in Table 2 and Fig. 2 .
Albuterol and ipratropium provided improved FEV 1 when administered as the first bronchodilator, compared with pre-dose values (0.269 and 0.243 L, respectively). Administration of the second bronchodilator provided further improvements in lung function, but to a lesser magnitude than the first bronchodilator and 500 mcg (n ¼ 9); Budesonide at 100 mcg (n ¼ 1); 180 mcg (n ¼ 1) and 400 mcg (n ¼ 5); Beclometasone dipropionate at 200 mcg (n ¼ 1) and 250 mcg (n ¼ 1).
(0.094 L, for both treatments). The changes in IC showed a similar pattern to FEV 1 : albuterol and ipratropium improved IC when administered as the first bronchodilator (0.267 and 0.253 L, respectively), and lesser improvements were observed when administered as the second bronchodilator (0.083 L for albuterol; 0.091 L for ipratropium).
Daily variability
Daily variability in FEV 1 response to treatment, as measured by CV, is shown in Fig. 3 , with the differences in CV after different treatments shown in Table 3 .
A statistically significant reduced daily variability was observed for combined dual bronchodilator therapy (FEV 1 after second bronchodilator) compared with monotherapy (FEV 1 after first bronchodilator albuterol or ipratropium; mean CV difference ¼ À0.007; p ¼ 0.019) and pre-dose values (mean CV difference ¼ À0.022; p < 0.001). Monotherapy with either albuterol or ipratropium also resulted in less FEV 1 daily variability than predose values (mean CV difference ¼ À0.015; p < 0.001).
The variability with ipratropium monotherapy was greater than for albuterol monotherapy (mean CV difference ¼ 0.013; p ¼ 0.004). The daily variability with dual bronchodilator treatment was significantly lower when compared with ipratropium monotherapy (p ¼ 0.028), but not when compared with albuterol monotherapy (p ¼ 0.254). This implies that the statistically significant difference between dual treatment and the monotherapies was primarily driven by the difference versus ipratropium.
IC measurements (Supplementary File 4) showed reduced CV for measurements after the first bronchodilator (monotherapy with albuterol or ipratropium) compared with pre-dose values, and also for measurements after the second bronchodilator compared with pre-dose values (Table 3) . However, dual bronchodilator treatment did not reduce daily variability compared with monotherapy (p ¼ 0.35).
The CV of FEV 1 stratified by reversibility to albuterol at screening and the degree of hyperinflation at screening are presented in Supplementary File 5; the CV for pre-dose, post-first bronchodilator, and post-second bronchodilator FEV 1 values for reversible versus non-reversible and hyperinflated versus nonhyperinflated patients were similar.
Thresholds of improvement
The proportion of days that patients achieved an FEV 1 response above various thresholds is summarized in Table 4 .
The effects of albuterol and ipratropium monotherapies were similar, except for the threshold of !0.100 L where there was a numerically greater effect of albuterol. The second bronchodilator had a minimal effect on the percentage of days with FEV 1 !0.100 L compared with albuterol monotherapy (3.6% increase), while for ipratropium monotherapy this increase was greater (8.3%). For all other thresholds there was a benefit of >10% in the number of days that dual bronchodilator therapy achieved the threshold compared with monotherapy. Using a threshold of !0.250 L, dual bronchodilator treatment resulted in~15e20% increase in the percentage of days on which this threshold was achieved compared with monotherapy.
Among the 16 subjects who failed to achieve >0.100 L FEV 1 improvement on albuterol at screening, we observed that A, albuterol; A þ I, albuterol first, followed by ipratropium; CI, confidence interval; FEV 1 , forced expiratory volume in 1 s; I, ipratropium; I þ A, ipratropium first, followed by albuterol; IC inspiratory capacity; SE, standard error. 1H: administration of first dose, 1 h after pre-dose assessment; 2H: administration of second dose, 1 h after the first dose, and 2 h after the pre-dose assessment. monotherapy with albuterol or ipratropium resulted in improvements above this threshold for 70.9% and 68.8% of days, respectively. These subjects also achieved improvements !0.200 L for 47.2% and 50.0% of days, respectively, and !0.250 L for 33.3% and 34.7% of days, respectively.
Safety
In total, 17 patients reported an AE during the study. The most frequent AE was headache (n ¼ 4, 7%); all other AEs occurred in 2% of patients, and no non-fatal serious AEs were reported. One subject died during the course of the study and the cause was recorded as 'unknown'. One patient reported a COPD exacerbation on the final day of Period 2, but this was resolved 3 days later.
Discussion
The current study demonstrates that dual bronchodilator therapy with a SABA and SAMA reduces daily variation in lung function compared with monotherapy in patients with COPD. This suggests that combining a beta agonist and a muscarinic antagonist together may stabilize lung function improvements over time, which may have important clinical significance as less daily variation in lung function could lead to a more consistent long-term reduction in symptoms on a day-to-day basis [12] .
The administration of dual therapy albuterol and ipratropium increased FEV 1 to a greater extent than albuterol and ipratropium monotherapy in the present study. However, this increase was not completely "additive" (whereby the two monotherapy effects alone would equal the dual bronchodilator effect), regardless of the order of administration of albuterol and ipratropium. This lower than fully additive effect has been previously observed in studies of dual bronchodilation with both short-and long-acting beta agonists and anti-muscarinics [13, 14] . This may be related to a ceiling effect, whereby patients reach the maximum pharmacological response achievable.
The minimal clinically important difference (MCID) for FEV 1 improvement in clinical trials of an active treatment compared with placebo in COPD is thought to be approximately 0.100 L [15] . The addition of a second long-acting bronchodilator often causes an improvement in trough FEV 1 that is below the MCID, compared with monotherapy [5, 16, 17] . The MCID values established for bronchodilator monotherapies compared with placebo may therefore not be applicable when considering differences between two active therapies (ie. two bronchodilators compared with one). Nevertheless, it is clear that combining beta-agonist and anti-muscarinic treatments improves lung function to a Fig. 3 . Daily variability, as measured by CV, of FEV 1 in the efficacy population (N ¼ 55). 1H: administration of first dose, 1 h after pre-dose assessment; 2H: administration of second dose, 1 h after the first dose, and 2 h after the pre-dose assessment; FEV 1 , forced expiratory volume in 1 s; CV, coefficient of variation. A, albuterol; A þ I, albuterol first, followed by ipratropium; CI, confidence interval; CV, coefficient of variation; FEV 1 , forced expiratory volume in 1 s; I, ipratropium; I þ A, ipratropium first, followed by albuterol; IC, inspiratory capacity; SE, standard error. 1H: administration of first dose, 1 h after pre-dose assessment; 2H: administration of second dose, 1 h after the first dose, and 2 h after the pre-dose assessment. A, albuterol; FEV 1 , forced expiratory volume in 1 s; I, ipratropium; SD, standard deviation. 1H: administration of first dose, 1 h after pre-dose assessment; 2H: administration of second dose, 1 h after the first dose, and 2 h after the pre-dose assessment.
greater extent than monotherapy, and for long-acting bronchodilators there is evidence that this leads to consistent symptom improvement when assessed by reliever medication usage [5, 16, 17] . The current study, conducted using a SABA and SAMA, indicates that stabilization of lung function could be a key mechanism by which combining bronchodilators can lead to symptom benefit. It is possible that the major clinical benefit of the second bronchodilator may not be the effect size of the absolute improvement in lung function, but the ability to decrease variability in bronchodilator response between days.
The variability of the FEV 1 response was not related to reversibility to albuterol and hyperinflation status at screening. It appears that daily variation in lung function occurs to the same degree in patients with COPD independently of pulmonary function characteristics.
Monotherapy with albuterol appeared to reduce FEV 1 daily variation to a greater degree than ipratropium monotherapy. As a result, significant improvements in daily variation were observed for dual bronchodilator therapy versus ipratropium, but not dual bronchodilator therapy versus albuterol. There was a numerically greater effect with albuterol monotherapy on mean FEV 1 improvement compared with ipratropium monotherapy (the derived FEV 1 values were 0.269 L and 0.243 L, respectively). This supports the concept that greater FEV 1 improvement reduces daily variability. The mechanism responsible for the difference between albuterol and ipratropium is unclear; we speculate that the response to anti-muscarinics in patients with COPD may be highly dependent on natural variations in cholinergic tone.
We used the percentage of days on which varying thresholds of FEV 1 improvement were achieved to compare the effects of dual bronchodilator therapy and monotherapy; at the higher thresholds (eg, >0.250 L), the advantage of dual bronchodilator therapy was more apparent than at lower thresholds (eg, >0.100 L). This indicates that a benefit of dual bronchodilator therapy is to increase the number of days on which patients have relatively large bronchodilator responses, rather than eradicating days where low bronchodilator responses occur; low bronchodilator responses (<0.100 L improvement) occurred on approximately 20e25% of days following monotherapy, and still on approximately 15e20% of days following dual treatment.
Interestingly, using an FEV 1 threshold of 0.100 L to define nonreversible patients at screening, we observed that subsequent improvements of !0.100 L after monotherapy occurred on approximately 70% of days, while improvements of !0.200 L occurred on approximately 50% of days. This suggests that a poor response to bronchodilator therapy on a given day does not predict that subsequent responsiveness will remain low.
The CV results for IC were not as conclusive as FEV 1 in terms of the comparison of dual bronchodilator therapy compared with monotherapy. However, the IC daily variation for dual therapy and monotherapy were lower than pre-dose values, supporting the concept that bronchodilator therapy stabilizes lung function.
No formal power calculation was performed for this study and the sample size was based on practical considerations. Despite the exploratory nature of the study in a moderate sample size, we still identified statistically significant differences in daily variability of bronchodilator responses between combined treatment and monotherapies. Long-acting bronchodilators are being increasingly used as a mainstay of symptomatic therapy for COPD, with dual bronchodilator LABA and LAMA combinations in clinical development. We speculate that the findings reported here may also apply to such long-acting dual bronchodilator combinations, and that improved stability of lung function on a day-to-day basis may be an important property of these treatments.
Conclusions
The present study showed that the free combination of albuterol and ipratropium resulted in lower day-to-day variability in FEV 1 compared with albuterol or ipratropium monotherapy. This indicates that an important benefit of dual bronchodilator treatment over monotherapy is an increased ability to stabilize airway tone. The combined use of different classes of bronchodilators is advocated in current COPD guidelines [2] based on the additive improvements in bronchodilation that occur; we now demonstrate that this approach can also reduce day-to-day fluctuations in lung function, which is likely to improve symptom control.
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